llie Nethci laiuls two-dimensional finite element model of a cementless prosthesis inserted into the proximal femur was con structed to study the effects of two mechanical variables-the stiffness of the implant apd the coefficient of friction between bone and implant-on the magnitude of the motions, We investigated the influences of these variables on the subsidence of the prosthesis, the magnitudes of the cyclic motions, and the level of the interface stresses. The presence of friction reduced cyclic motions by about 85% compared with a friclionloss interface. Once friction was assumed, varying the coefficient of friction had little effect. The elicci ol triction on the interface stress state and gross subsidence of the prosthesis was not as great as on cyclic motion. Implant stiffness also affected the magnitudes and distributions of the cyclic motions along the interface. A flexible stem generated motions about three to four times larger proximally than those of a stiff stem, which generated larger motions dis tally. The influence of stem stiffness on interface stresses and prosthetic subsi dence was less than on cyclic motion. The location of the peak shear stresses at the interface around a bonded prosthesis corresponded to the location where cyclic interface motion was maximal for an unbonded pros thesis. However, no direct relationship was found between the magnitudes of peak stresses and the ampli tudes of cyclic motions.
Following implantation, cementlcss implants are ship between stresses at the interlace, frictional propnot bonded to the surrounding bone. Loading the erties of the bone-proslhesis connection, and relative prosthesis therefore causes movements of the prosthe sis relative to the bone. These motions at the bone-motions is unknown. The present study explored the use of the finite element method as a lool to investigate implant interface have a notable effect on the clinical the mechanisms that govern motions as the result of success of cementless hip arthroplasty. For porous-a continuous loading cycle. We studied two aspects: coated devices, the amplitudes of the micromotions the influence of friction at the bone-implant interface and the influence of implant stiffness. In addition, we evaluated how friction at the interface influenced the determine whether bone grows into or apposes the coated surface and whether the implant is encapsu lated by a layer of fibrous tissue (12, 19, 20) . For press mechanism of load transfer from an unbonded pmsfit devices, the amplitudes of the motions probably thesis to the surrounding bone in comparison with a determine whether or not a stable interface develops and is maintained (14, 21) .
Laboratory experiments, performed to assess the amplitudes of the motions, have revealed differences between the "initial stability'' (the immediate post operative resistance to motions at the interface) of various cementless prosthetic designs (1, 8, 11, 16, 17) . However, they revealed little about the mechanisms that govern the movements. For instance, the relation-frictionless unbonded interface and with a fully bonded interface.
M ETHODS
A two-dimensional finite element model of the proximal lemur with a precisely fitting collarless implant was constructed using four-node linear plain-strain elements ( Fig. 1 J.Thc femur consisted of cortical bone with a Young's modulus (H) of 17 G Pa and can cellous bone with a Young's modulus of 0.6 GPa. A sido-plato with the properties of cortical bone was added to account for the threedimensional structural integrity of the bone. Contaci between prosthesis and hone was represented by gap elements that em ployed Lagrange nodes to enforce the contact conditions. The MARC finite element program (MARC Analysis, Palo Alto, CA, U.S.A.) was used to solve the finite element model équations. A set of three joint loading cases, representing normal daily activities (2), was applied in a dynamic loading cycle ( Fig. 1 ). Loading case I (2,317 N at 24° of flexion) represented the hip joint load during t s I Í Y / 1 lY l I V <iviui\i7iv.ß t v t w i i w n u \ n s i / u , n / r Kt±tr l a l l m t^i\ i J / FKJ. 1. Two-dimensional finite element model of a hoiie-proslhesis configuration. A sido-plato connects the medial and lateral corti ces.'I'he three loading cases are shown.
the stance phase of walking; loading cases 2 (1,548 N at 56° of flexion) and 3 ( K15H N at 15" of retroflexion) represented more extreme daily loads that occur less frequently,'The dynamic loading cycle consisted of the three loading cases applied sequentially (I, 2. 1,3, 1,2, and so on). The transition from one loading case to the next was accomplished in five time steps, the minimal number for not compromising convergence or accuracy. For each loading case, convergence was assumed when the maximal deviation from equi librium of the internal nodal forces was less than 1% of the max imal nodal reaction force. Three different values for the coefficient of friction (g) between bone and prosthesis were studied: p 0.0 (no friction), g = 0.15 (lubricated friction), and p » 0.40 (unlubricated friction). The sec ond value is a typical one in the presence of a "fairly effective" lubricant ( 10): it was assumed that a mixture of blood and marrow acts as such. The third value (p • -0.40) is a typical one for unlubri cated or poorly lubricated friction between metals and nonmetals ( 10) and corresponds to experimentally determined coefficients of friction between wet bone and smooth titanium (4,IS). I;br com parison. the same prosthesis was studied with the assumption that it was fullv bonded to the surrounding bone. Two different values
for the Young's modulus of the prosthetic material were investi gated: H ■ 110 GPa (titanium alloy) and lí -17 GPa (a hypothet ical isoelastic material with the same modulus as cortical bone). For each value of parameters g and P', we determined the gross subsidence of the prosthetic tip, the amplitude of the relative mo tions at the interface, and the interface stresses. Subsidence was defined as the total displacement between the prosthetic tip and the adjacent bone, averaged over one loading cycle; thus, it was the "rigid-hody" displacement of the prosthesis relative to the bone. 'The amplitudes of the interface motions were defined as the ampli tudes of the difference in maximal displacements between pros thesis and bone at the interface within one full loading cycle. In addition, we determined the amplitudes of the gross motions, which were the amplitudes of the differences in cyclic displace ment between the proximal lateral side of the prosthesis and the top of the greater trochanter, during one loading cycle. This quan tity has often been measured in laboratory experiments to assess the amplitude of the interface motions (8,17).
The interface stresses were separated into a component perpen dicular to the prosthetic surface (normal stress) and a component parallel to the prosthetic surface (shear stress). We calculated the interface stresses at each gap node by dividing the gap force (in normal and shear directions, respectively) by the area of the ele ment sides attributed to the gap node,
RESULTS
The presence or absence of friction'at the interface substantially influenced the general behavior of the model. When frictionless interface contact was as sumed, each new loading cycle generated the same displacements as the previous one. During the loading cycle, the prosthesis was moved up and down inside the bone, like a rigid body (Fig. 2 ). W hen friction was assumed, the behavior changed. Instead of moving the prosthesis up and down, as in the frictionless case, each new loading cycle gradually drove the prosthesis further into the bone, until (after five to eight cycles) a steady state was reached (Fig. 2) . A t the steady state, each new loading cycle led to a repetition of the pros thetic motion of the previous cycle. Within a loading cycle, the differences in displacement of the pros thetic tip relative to the bone hardly varied, although at the interface the prosthesis still moved relative to the bone.
Regardless of the coefficient of friction, the iso elastic stem migrated more than the titanium stem, although the differences were not extensive ( Fig. 3) . When lubricated friction was assumed (\x = 0,15), the average steady-state subsidence was slightly greater than the value found for frictionless contact. However, the peak subsidence (the sum of the average sub sidence and cyclic movement) was less. For unlubricated friction (|i = 0.40), the average subsidence was clearly less than that of either of the other cases. differences between the stems in the distribution ol The influences of friction and Young's modulus on motions occurred. Around the titanium stem, the the steady-state amplitude of the interface motions larger amplitudes took place distally, whereas around were much larger than on the subsidences. Both the the isoelastic stem the larger amplitudes occurred values and the distributions of the amplitudes along the interface were affected. Without friction, the am-proximally, Regardless of the type of friction assumed (lubricated or unlubrieated), the largest motion oeplitudes of the interface motions were uniformly eurred at the proximal-medial interface of the iso distributed ( Fig. 4 ). Although the isoelastic stem gen-elastic stem. Its amplitude was 150-200 f.tm, which was erated somewhat larger motions, the differences be tween the types of prostheses were relatively small, three to four times the amplitude found around the titanium stem. The smallest interface motions oc-When friction was introduced, the amplitudes of the eurred at the proximal-lateral interface of the titanium motions were reduced considerably. Even assuming stem, where the amplitudes (2-20 j.im) were about onelittle friction (|i = 0.15), the reduction was at least 65% third of the values found elsewhere. The amplitude of (at the medial-proximal interface of the isoelastic the gross motion between the proximal prosthetic surstem) and averaged 85%. at the proximal lateral side. Because the shear stresses were linearly related to the normal stresses through the coefficient of friction, they followed a similar pat tern. During the dynamic loading cycle, the orien tation of the shear stresses continuously reversed, depending on the direction of the relative movements at the interface. Th' e distribution of interface normal stress around a bonded stem showed a clearly dif ferent pattern when compared with that around an unbonded stem ( Fig. 6 ). Except for distinct peaks proximally and laterally and at the transition of corti cal and cancellous bone, the interface normal stresses around the bonded stems were relatively low. For all three values of the coefficient of friction, as well as for the bonded stem, the isoelastic prosthesis generated larger proximal interface stresses, whereas the titanium prosthesis generated larger distal stresses (Figs. 7 and 8). Hence, the interface stresses revpaled the same trend as the interface motions. The differ ence between the two stem types was most clear in the distributions of interface shear stress around the bonded steins. The relative differences between these stress components were of the same order of magni tude as the differences in cyclic interface motions, ex cept for the distal medial side ( Fig. 4 compared with  Fig. 8 ).
An increase in the coefficient of friction reduced the interface normal stresses around the unbonded prosthesis (Fig, 7) , simultaneously elevating the inter face shear stresses (Fig. 8) . Comparison of the inter face normal stresses for frictionless and lubricated contact (|i = 0.0 compared with \x = 0.15) revealed a difference of 30% at most; this suggests that the effect of a small amount of friction on the distribution of interface stress was much less than on the amplitudes of the interface motions, where a difference of at least 65% was found. Changing the interface condition from unbonded to bonded had a notable influence on ís of stress.
FIG, 6. Distribution of the interlace normal stress in the steady * state around a fully bonded titanium prosthesis that is loaded according to loading case I.
DISCUSSION
The prevalent motions of a prosthesis relative to the bone occur in the direction of the longitudinal axis (subsidence) and around the longitudinal axis (rota tion). Studies from the past few years (1, 11, 16) have range of the average amplitude of the interface mo-suggested that rotational motion may be the most im portant clinically. An accurate, simultaneous analytical simulation of both axial and rotational motion com ponents requires a three-dimensional finite element lions (Fig. 4) , The general effects of stem flexibility and frictional properties on the gross motion were the same as on the interface motions. Regardless of prosthetic stiffness, frictional coeffi-model (7, 13) . In this study, we used a two-dimensional eient. or loading ease, a similar pattern of interface side-plated model. Our results were therefore connormal stresses around the unbonded prosthesis was fined to movements in the longitudinal direction, always found ( Fig. 5 ), Large compressive stresses were uniformly distributed along the stem, except for a dis tinct peak distally, smaller peaks at the transition re-the emphasis was on understanding the effects of fricgion of cortical and cancellous bone, and a slight drop tion and prosthetic stiffness on the relative motions and the load transfer at the bone-implant interface to represent a particular physiological activity such as under the influence of a continuous loading cycle. The walking or stair climbing. Rather, it was a combination adequacy of a similar two-dimensional model was ex-of the hip joint load during the stance phase of walkamined by Verdonschot and Huiskes (22) . Assuming ing (loading case 1) and two extreme loading cases fully bonded or frictionless interface contact, they that might occur (2). Hence, the loading cycle repre compared the interface stresses as obtained from a two-dimensional model with those obtained from sented an envelope of possible daily loading, so that the calculated relative displacements may be regarded three-dimensional models. As long as the loading was as the maximal daily displacements. Of course, other restricted to the midfrontal plane, satisfactory qualita-loading cycles are conceivable, such as one simulating tive and quantitative agreement was found.
walking. Although choosing another loading cycle The assumed dynamic loading cycle was not meant would certainly affect the results that were found, it would not significantly influence the mechanisms. We ignored the influence of abductor loads in our proximal side of the prosthesis relative to the greater trochanter. The titanium stem generated gross-motion analysis. Including them would have increased the amplitudes of 59-66 jlu ii when friction was assumed bending load in the model and, since most of the mo-and of about 500 jim when a frictionless interface was tion in our model was probably caused by bending, the magnitudes of the motions would have increased. Bearing these assumptions and limitations in mind, the emphasis must be on conceptual, qualitative as pects of the results, and the reported values from this correspondence between the values suggests that the choice of interface friction is more appropriate than a frictionless interface.
Konieczynski and Bartel (7) and Rubin and costudy should be extrapolated to clinical cases with workers (13), using three-dimensional finite element great caution. We were interested only in the effects models, found relative displacements of 300-500 jam at of friction and stem stiffness and did not address pros-the interface. They did not apply a dynamic loading thctic design (e.g., collared compared with collarless), cycle, however, and therefore could not distinguish prosthetic loading, bone quality, and interface con-between subsidence and cyclic motions. The difference dilions (e.g., proximally coated compared with fully in axial displacement of about 300 jiim at the stem tip coated) that could influence results.
agrees with the range of the subsidence of the stem tip We can compare the results of our model with those after the first loading cycle (Fig. 3) ; this suggests that obtained from laboratory experiments in which a dy-for corresponding cases, our simplified model showed namic loading cycle was applied (8, 16, 17) . The general behavior similar to their more elaborate models. Our results suggest that the values of displacement differ ence calculated in these three-dimensional models re-mechanism of a gradual increase of prosthetic subsi dence toward a steady stale, found when interface friction was assumed, was also observed experimen-late to a transient state rather than to a steady state tally, When a frictionless interface was assumed, the and therefore may have little significance to clinical analytical results deviated from experimental results performance, and were therefore less realistic. The amount of gross An advantage of finite element modeling, as comprosthetic subsidence reached at a steady state is dif-pared with experiments, is the ability to determine fieult to compare quantitatively, even when loading the relative motions between prosthesis and bone at cases, geometries, and materials correspond. In our the location where they matter: the bone-implant in terface. The amplitude distribution of the interface motions revealed details that would not have been study, we assumed a precise initial fit between pros thesis and bone. Hence, in the model, subsidence was primarily caused by straining of the side-plate, which appreciated if only the gross amplitudes were eonsidrepresented straining of the bone in the cireumferen-ered. For the stiffer titanium prosthesis, the amplitude liai direction. It is impossible to prepare a precise fit of the interface motions at the proximal-lateral interexperimentally (9,15), even when using a synthetic face was less than at other parts of the interface, Asfenuir (8). For this reason, subsidence in the experi-sinning that smaller motions facilitate bone growth ments was not only caused by straining bone but also into a coated stem, the results suggest that bone inby "seating" of the implant, in which local "gaps" be-growth will occur initially at the proximal-lateral in tween bone and implant are closed by impacting the terface. Studies of early retrieved prostheses seem to bone. O ur results suggest, however, that the initial support this hypothesis (3). The small proximal lattransient subsidence found experimentally was not eral amplitude was probably caused by the large bulk due exclusively to scalimi, but that frictional effects of flexible cancellous bone inside the greater troplayed an important role as well.
The amplitudes of the cyclic interface motions in the steady state may be less sensitive to the seating mechanism. In addition, their relevance to clinical chanter, adjacent to the proximal-lateral interface. This bone acted as a cushion between cortical bone and prosthesis, and its deformations bridged the dif ference in displacement between cortical bone and performance is probably larger since it is the cyclic titanium prosthesis. The same cushioning effect did motion, rather than the total subsidence, that com-not occur around the flexible implant, where the gross promises clinical success by hampering ingrowth and motion was about three times larger than for the stiff inducing formation of fibrous tissue (12, 14, (19) (20) (21) .
pi Because the actual relative motions at the interface The relatively large proximal motions that are geneould not be determined in experimental models, crated by the flexible implant may prevent bone inwe determined the amplitudes of the gross motions, growth into coatings. When ingrowth fails, or when a which were the amplitudes of the cyclic motion of the coating is not present, the prosthesis will function as a e: T rhe effect of a tilting load. The load tends to rotate the taper. As a consequence, the interface movements at both sides will have an opposite direction, and the interface shear stresses will be in opposite directions. The net axial leaelion lotee, which is the sum ol the sum of the vertical components of interface normal and shear stresses, is therefore less, and Ihe taper will be driven lurther into the bone.
press fit implant, surrounded by a layer of fibrous tissue (20) . Such a layer ensures a very low coefficient of friction. When a low coefficient of friction (jli = 0.15) quence, smaller interface normal stresses arc required, and the taper subsidence is less. However, the orien tation of the shear stress depends on the direction of was assumed, however, the cyclic interface motions the relative displacement between bone and prosthearound the flexible implant were still substantially sis. W h e n the taper load is allowed to vary its direction, larger than those around the stiff implant. These re-the taper sides tend to move in an opposite direction, suits suggest that the clinical performance of a press As a consequence, the interface shear stresses have an fit flexible implant will be inferior to that of a press fit opposite orientation and therefore contribute less to balancing the taper load (Fig. 9c ). Hence, a dynamic load drives the taper further into the bone than a static load does and partly compensates for the effect of friction. Stiffness of the stem had little effect on subsidence toward the steady state and on the stress patterns in the interface around the unbonded stems. Compared with the titanium stem, the isoelastic stem migrated slightly further and generated somewhat larger prox imal and smaller distal interface stresses. This differ ence was retained irrespective of the coefficient of friction. The larger subsidence can also be understood stiff implant. Otani et al. (11) reached the same con clusion from laboratory experiments, The difference in interface motion amplitude may partly explain the high early failure rate of the isoelastic RM prosthesis, as compared with stiffer designs (6) .
Increasing the coefficient of friction from 0.0 to 0.4 reduced stem subsidence and normal interface stresses but, compared with the effects on cyclic inter face motions, the influence was less pronounced. The stress patterns in the interface were not affected and remained more uniformly distributed. The relatively small effect of friction on stem subsidence and stress distribution in the interface was due to the inclusion by tire conceptual model of a taper inside a bony ring of a dynamic loading cycle. Conceptually, an un-( Fig. 9 ). Sinking the taper into the bone causes straining bonded prosthesis can be considered as a taper placed of the bone and generates interface stresses. However, inside a ring of bone (5) . When loaded axially, the these stresses also compress the prosthesis. The more taper sinks into the bone, thereby straining the bone flexible the prosthesis, the more compression it allows circumferentially and generating interface stresses and the further it sinks, As a consequence, somewhat ( Fig. 9 ). Without friction, no shear stresses are possi-higher proximal interface stresses are generated, ble, and the axial load on the taper must be balanced An important question is whether interface stresses by the vertical component of the interface normal around a bonded stem indicate that cyclic interface stresses (Fig. 9a) . These normal stresses are caused by motions would occur along the same stem without the straining of the bone and hence depend on the bonding. The location (proximal or distal) of the highsubsidence of the taper. When interface friction is est interface peak stress around the bonded stem corpresent, interface shear stresses are generated that are linearly related to the normal stresses through the coefficient of friction. These shear stresses contribute responded to the location of the largest amplitude of the cyclic interface motion around the unbonded stem; this suggests that smaller proximal or distal interface significantly to balancing the axial load, in particular stress peaks indicate smaller proximal or distal cyclic when the taper angle is small (Fig. 9b) . As a conse-motions at the same location. However, the largest J Orthop Res, Voi 14, No. /, 1996 shear stress peaks were found at the tip of the bonded titanium stem, whereas the largest cyclic motions were found at the proximal interface of the flexible stem. It seems, therefore, that no relation exists between the location of the highest interface stress peak and the location of the largest cyclic interface motions. On the basis of these results, we conclude that stud ies of relative motions of hip stems should be per formed using dynamic loadinii cycles, in both finite 
RICFKRIONCKS

